NUCLEOSIDEDIPHOSPHATASE ACTIVITY IN THE GOLGI APPARATUS AND ITS USEFULNESS FOR CYTOLOGICAL STUDIES* BY ALEX B. NOVIKOFF AND SIDNEY GOLDFISCHERt DEPARTMENT OF PATHOLOGY, ALBERT EINSTEIN COLLEGE OF MEDICINE
Communicated by Severo Ochoa, April 22, 1961 Cytochemical information regarding Golgi material is limited. Early staining methods suggested the presence of alkaline phosphatase activity in the Golgi substance of intestinal mucosa and other cells, and of acid phosphatase activity in the Golgi "zone" of epithelial cells and macrophages.I However, it is clear now that the integrity of both Golgi apparatus and acid phosphatase-rich granules associated with it2 could not survive the acetone fixation and paraffin embedding then employed. Biochemical studies of Golgi fractions isolated from homogenates of epididymis have indicated the presence of acid phosphatase activity in the Golgi apparatus.3 Electron microscopy established the presence in the Golgi fractions of numerous membranous arrays characteristic of the organelle, but a critical study of the purity of the fractions is needed, in view of the observations to be presented here, before attributing the acid phosphatase activity to the Golgi apparatus.
We are presenting evidence indicating that in epididymis, as in all but two of the many cell types studied, acid phosphatase activity is concentrated not in the Golgi apparatus but in small granules located in the Golgi region of the cell. From the effects of the detergent, Triton X-100, to be described here and from considerations discussed elsewhere,2 these granules may tentatively be considered as lysosomes, the cytoplasmic particles whose existence in liver was first postulated by de Duve and his co-workers. 4 We are further reporting the presence of nucleosidediphosphatase activity in the Golgi apparatus. On the basis of this activity a staining procedure has been developed which permits demonstration of the Golgi apparatus in frozen sections and in cell smears. The method is of sufficient resolution to permit visualizing the Golgi apparatus sensu strictu, i.e., the microscopic lamellar structures consisting of aggregates of submicroscopic membranes distinguishable in the electron microscope. [5] [6] [7] Materials and Methods.-More than 25 different rat, mouse, and frog tissues, and onion root tips were used in these studies. Tissues were fixed in cold 4% formaldehyde and frozen sections were incubated for enzyme activity in a medium patterned after that of Wachstein and Meisel8 which in turn is a modification of Gomori's acid phosphatase medium.9 It is buffered near neutrality; it has activating bivalent ions; and it contains lead ions to trap the phosphate liberated from the substrate by enzymatic hydrolysis. For demonstration of acid phosphatase activity, sections were incubated in the Gomori medium8 at pH 5.0 and employing as substrate sodium a, j3 glycerophosphate9 or freshly prepared sodium , glycerophosphate, as suggested by Holt.'0 The enzymatic nature of the reactions reported was checked as usual, by use of sections heated at 90'C for 5 minutes, by omission of substrate, and by addition of inhibitors to the medium (0.01 M sodium fluoride for acid phosphatase, 0.01 M uranyl nitrate for both acid phosphatase and nucleosidediphosphatase). In all these instances, essentially no staining occurred in the sections.
The substrates tested included the commercially available (Sigma; Pabst) tri-, di-, and monophosphates of guanosine, uridine, inosine, cytidine, and adenosine; thiamine pyrophosphate (Sigma); riboflavin phosphate (Sigma); and inorganic pyrophosphate (Merck). The last of these compounds was tested in the system of Naidoo and Pratt,"' with manganese substituted for magnesium ions. Preliminary experiments were also done with diphosphopyridine nucleotide (DPN), flavin adenine dinucleotide (FAD), guanosine diphosphate mannose (GDPM), and uridine diphosphate glucose (UDPG). With these substrates, 3-5 mg of either acid phosphatase [wheat germ (Sigma)] or alkaline phosphatase [calf intestine (Worthington)] was added to the incubation medium, in order to liberate the phosphate residues from monophosphates resulting from any hydrolysis of the pyrophosphate bonds by the enzyme.
The effects of calcium, magnesium, and manganese additions were studied, as were variations :in the pH of the medium. The effects of Triton X-100 were studied by treating sections with -0.25% solutions in distilled water for 5-60 minutes at 00C and room temperature, rising them with .several changes of cold distilled water to remove the Triton, and then incubating.
Tissue blocks or frozen sections of formaldehyde-fixed rat epididymis, rat brain (cerebrum), and the mouse Friend leukemia were incubated and then treated with osmium tetroxide and processed, in the usual manner, for electron microscopy. These experiments, performed by Dr. Edward Essner, will be reported elsewhere. Paraffin sections were made of all tissues except the onion root, tips, following the Aoyama silver method for demonstrating the Golgi apparatus.12 Results.-Acid phosphatase activity: Except for rat testis and some cells of rat pituitary, acid phosphatase activity is not demonstrable in the Golgi apparatus by the methods employed. On the other hand, high levels of activity are localized in small granules which, in epididymis and many cell types, are concentrated in the Golgi region (Fig. 1) . The lysosomal nature of the granules is suggested by the solubilizing effect of Triton X-1.00 ( Fig. 2 ; cf. footnote 10). Where the acid phosphatase is localized in the Golgi apparatus (rat testis) the reaction product is present in nongranular form (at the light microscope level) in the lamellae. Furthermore, the acid phosphatase activity within the Golgi apparatus is far more resistant to Triton X-100 than that in the granules.
It should be noted that the a, /3 mixture has the advantage that the complete substrate medium may be stored in the cold for prolonged periods9 whereas the A Nucleosidediphosphatase activity: In all cells thus far studied-normal and malignant, plant and animal-the lamellar Golgi structures show high levels of nucleosidediphosphatase activity (Figs. 3 and 5-8).. The diphosphates of guanosine, inosine, and uridine are hydrolyzed much more rapidly than those of cytidine and adenosine. Sections of formol-calcium-fixed epididymis, cerebellum, duodenum, prostate, and seminal vesicle of the rat were used to establish optimal conditions for enzyme activity.'3 Activity is unchanged from pH 6.5 to 7.5. Manganese ions (1 X 10-2 to 1 X 10-3M) are more effective and more specific in stimulating the Golgi enzyme (or enzymes) than magnesium ions; calcium ions stimulate minimally. The effects of these ions are the same in sections from tissues fixed in cold formaldehyde without added calcium, but preliminary studies indicate that in tissue fixed in formol-phosphate, magnesium ions stimulate as well as manganese ions. The possibility is currently being investigated that this is correlated with the difference in pH attained by the fixative (Table 1) . Treatment with Triton X-100, through the maximum time tested (1 hour at room temperature), does not solubilize the nucleosidediphosphatase activity in the Golgi apparatus (Fig. 4) .
Nucleosidemonophosphates are not hydrolyzed in the Golgi lamellae; like glycerophosphate or riboflavin phosphate, they are hydrolyzed in granules, presumably lysosomes, that may be concentrated in the Golgi zone. In two of approximately 25 cell types studied (mouse plasma cell tumor MPC2, rat cerebellum) the Golgi apparatus (i.e., Golgi lamellae) appear to hydrolyze nucleosidetriphosphates.'3 Except for the plant cells studied (onion root tip), the Golgi lamellae of all cells tested also hydrolyze thiamine -pyrophosphate (Figs. 5 Fig. 1 , but following treatment with Triton X-100 for 45 min at 00C. As Holt"' has shown with sections of rat liver and kidney, such treatment releases the acid phosphatase from the granules in epididymis and the many other cells we have tested. Note that: (1) few granules are now visible; (2) enzyme reaction product is spread diffusely in the "Golgi zone" and elsewhere in the apical cytoplasm; and (3) the nuclei are deeply stained, presumably due to adsorption of enzyme released from the granules. Negative results were obtained in the preliminary attempts to demonstrate hydrolysis of compounds in which the nucleosidediphosphates are contained within the molecule (DPN, FAD, GDPM, UDPG). However, it has not yet been ascertained that the acid phosphatase or alkaline phosphatase added to the medium would hydrolyze orthophosphate from any monophosphate liberated by the hydrolysis of these compounds, and positive results in the staining procedure used depend upon trapping of orthophosphate as lead phosphate.
Correspondence of nucleosidediphosphatase reaction product with lamellae of Golgi apparatus: By sectioning sufficient numbers of paraffin blocks it was possible with all tissues processed by the Aoyama silver method to find areas of the sections in which the Golgi lamellae could be resolved. The appearances of the Golgi apparatus in these areas corresponded very well to those readily obtained in frozen sections by the cytochemical method based on nucleosidediphosphatase activity.
The precise nature of localization of nucleosidediphosphatase reaction product in the sections was emphasized by electron micrographs. Dense lead phosphate deposits were found in or between the paired Golgi membranes. None was found in the interspaces between adjacent membrane pairs or in any other cell organelle.
Discussion.-The results presented suggest the need for re-evaluating some interpretations drawn from biochemical analyses of Golgi fractions isolated from rat epididymis homogenates.3 Until the distribution in the fractions of the acid phosphatase-rich granules (which are here described and which probably correspond to the lysosomes of liver and kidney4) is established, the extent to which the acid phospoatase activity of the fraction should be attributed to the Golgi apparatus will remain unknown. On the other hand, the need is evident for studying the effects of cold formaldehyde fixation upon the acid phosphatase and nucleosidediphosphatase activities of tissues and to assay isolated Golgi fractions for nucleosidediphosphatase activities. Such studies are in progress, some in the laboratory of Dr. Edward L. Kuff and some in our own.
The hydrolysis of both nucleosidediphosphates and thiamine pyrophosphate in the Golgi lamellae of animal cells does not establish the identity or plurality of the phosphatases involved. Our observations show always a similar behavior with both substrates: the identical patterns of cytological distribution in all cells, ex--cept in onion root tips; the same response to added bivalent ions in the medium; the same response to prior treatment of sections with Triton X-100; and the same response to the addition to the medium of 10-2M sodium fluoride (no effect) and of 10-2M uranyl nitrate (inhibition). However, to establish that a single enzyme is involved would require its isolation in pure form.
Comparing the Golgi nucleosidediphosphatase with similar enzymes reported in the biochemical literature is worthwhile. In 1950 Kornberg and Pricer'4 isolated a nucleotide pyrophosphatase from potatoes. It rapidly split DPN, TPN, and FAD, which we have thus far been unable to show to be hydrolyzed by the Golgi enzyme. However, the staining conditions are far from favorable for showing the hydrolysis of such compounds (see p. 807). The Kornberg and Pricer enzyme hydrolyzed thiamine pyrophosphate and adenosine diphosphate, as the Golgi enzyme does. On the other hand, it also hydrolyzed adenosine triphosphate. It was stimulated by magnesium or calcium ions but not by manganese ions, which gave a 9-per cent inhibition. In 1955 a nucleosidediphosphatase that closely resembles the Golgi enzyme was isolated from pork kidney cortex by Gibson et al."5 and from beef liver by Plaut.16 The Plaut enzyme hydrolyzed nucleoside diphosphates but not nucleoside tri-and mono-phosphates. Inosine, guanosine, and uridine diphosphates were cleaved, but apparently thiamine pyrophosphate was not studied. Optimal magnesium concentration and pH were similar to those of the Golgi enzyme; the effects of manganese and calcium ions are not mentioned. In contrast to the Golgi enzyme (or enzymes), the Plaut enzyme did not hydrolyze adenosine and cytidine diphosphates. When we stained rat liver sections for nucleosidediphosphatase activity, intense staining of the basophilic material occurred with inosine, guanosine, and uridine diphosphates but no staining was observed with adenosine and cytidine diphosphates. Since the basophilic material would be recovered largely in microsome fractions isolated from homogenates, we studied the distribution of the enzyme activity in subeellular fractions. The highest enzyme concentration was found in the microsome fraction. These results will be reported elsewhere. It should be noted, however, that some conditions abolish the staining due to the nucleosidediphosphatase activity in the basophilic material but do not affect the staining due to the Golgi enzyme. Since the enzyme (or enzymes) in the Golgi lamellae of fixed cells apparently does not hydrolyze inorganic pyrophosphate and nucleoside monophosphates, and since it does not generally hydrolyze nucleosidetriphosphates, we have referred to it as nucleosidediphosphatase.
Light microscopic investigations of the topographical relations between the Golgi apparatus and acid phosphatase-rich granules in a variety of tissues'7 and appearances of electron micrographs in the literature2 suggest a developmental or functional interrelation, in many cells, between lysosomes and the larger vacuoles surrounded by Golgi membranes ( 'Golgi vesicles" or -Golgi sacs"). 6, 7 Beyond the opportunity it provides for studying lysosomes and other intracellular organelles in the same or parallel sections or smears of fixed tissues (Figs.  1-4 ), the method here described affords other advantages. All methods for demonstrating the "internal reticular apparatus" first described by Golgil8 have heretofore depended upon the penetration of reagents containing heavy metals (osmium or silver) into blocks of fixed tissue and the deposition of the metal within or upon the organelle. The slow rate of penetration of reagents makes this a lengthy procedure and it results in marked variability of staining at different depths of the blocks. The appearance of the Golgi apparatus varies with the extent of metal deposition upon it and upon adjacent structures. Such variability is unfortunate since functional significance is frequently attached to changes in apparent morphology of the apparatus. In contrast, the method here described is thoroughly re-producible and yields the same staining picture in all parts of the section, thus largely eliminating the subjective element in comparative studies. The method is rapid, and yields preparations with excellent structural detail (Figs. 3-8) .. Most important, the method yields cytochemical information that may provide fruitful leads in the investigation of the specific biochemistry of this ubiquitous cell organelle.
Suggested Fixation and Staining Procedure.-L. Tissue blocks, 1-4 mm thick, are fixed overnight in cold 4% formaldehyde. Smears are rapidly air-dried and fixed in cold fixative for 1 '/2-2 minutes. Most of our work has been done with cold formol-calcium of Baker,'9 but we find both Golgi structure and enzyme activity equally well preserved in the fixatives listed in Table 1 which gives their pH and bivalent cation content.
2. After fixation, tissues may be rinsed in distilled water and sectioned. When necessary to improve the cutting quality of the tissues or when desirable to store the tissues, the sucrose-gum acacia procedure of Holt'0 may be followed. The washing may be prolonged, as Holt suggests, or reduced to several changes of cold distilled water over a period of 1-3 hours or less. They may be kept in cold 30%7 sucrose-I% gum acacia for 1 day to many weeks. Frozen sections (generally 5-10 As thick) are cut, into cold distilled water, with a routine freezing microtome.
3. Sections may be used as soon as prepared or may be stored in a "section bank" from which they are subsequently drawn. Sections have been stored in cold distilled water for weeks without apparent loss of nucleosidediphosphatase activity of the Golgi apparatus (Fig. 5) . The effects of such storage on a variety of enzyme activities will be reported separately. 4 . Free-floating sections are incubated, for 3-30 minutes at 37"C or at room temperature, in either inosine diphosphate (IDP) or thiamine pyrophosphate (TPP) medium. At present, the cost of IDP is less than that of uridine or guanosine diphosphate. TPP is much less expensive and may be used for most cells. In the case of TPP, and of IDP when the substrate concentration or incubation time is increased, a precipitate forms in the medium. The precipitate may settle upon the sections and it may reduce the staining intensity. It should be removed by centrifuging the medium prior to use. When negative results are obtained with the substrate concentration indicated below, its concentration should be increased threefold.
5. The incubation medium consists of: When preparing TPP (chloride) solution for storage in the frozen state it should be brought to pH 6.5-7.0 with dilute alkali. This is unnecessary for IDP (Na) which gives a solution of pH 6.6.
6. Following incubation the sections are rinsed in distilled water, floated in dilute ammonium sulfide solution, rinsed and mounted in dilute glycerine or Kaiser's glycerogel, in the usual manner.9 ' 20 Summary.-In all cells tested the Golgi lamellae show high levels of hydrolytic activity, at neutral pH, toward nucleosidediphosphates (inosine, guanosine, and uridine diphosphates are split much more rapidly than cytidine and adenine diphos-phates). In the animal cells but not in the cells of the onion root tips, thiamine pyrophosphate is similarly hydrolyzed. Manganese and magnesium ions (1 X 10-3 to 1 X 10-2M) stimulate the hydrolysis of both nucleosidediphosphates and thiamine pyrophosphate more than calcium ions do. In many situations, maximum stimulation is given by manganese ions.
A method is outlined for demonstrating the Golgi apparatus in frozen sections of formalin-fixed tissues or smears of cells. It offers a number of advantages over the classical metal impregnation procedures. Most important of these is the cytochemical information it provides. The Golgi apparatus of a variety of cells is illustrated in photomicrographs.
Observations are recorded indicating that high levels of acid phosphatase activity are not localized in the Golgi apparatus of epididymis and most other cells. Rather, they are localized in cytoplasmic granules probably corresponding to lysosomes. Triton X-100, which releases acid phosphatase from the granules presumed to be lysosomes, has no such effect upon the nucleosidediphosphatase activity of the Golgi lamellae.
